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Introduction
Although great diversity of deformity patterns exists among patients with adult spinal deformity (ASD), one common objective of any realignment procedure is to restore harmonious spinopelvic alignment in the coronal and sagittal planes.
Several sagittal radiographic parameters define and quantify regional and global spinopelvic alignment: the sagittal vertical axis (SVA), which assesses the global alignment of the spine versus the pelvis; the pelvic incidence minus the lumbar lordosis (PI-LL), which reflects the harmony between lumbar lordosis and the morphologic pelvic incidence; and the pelvic tilt (PT), which characterizes the extent of pelvic compensation for truncal inclination. Recent studies have identified these 3 radiographic parameters as most highly correlated with patient-reported outcomes; accordingly, they were incorporated as the key parameters in the Scoliosis Research Society (SRS) eSchwab classification for ASD [1] . This validated classification [2] defines the threshold of pathological values for the 3 parameters based on correlation with clinical scores: SVA greater than 40 mm, PI-LL greater than 10 , and PT greater than 20 .
The SRSeSchwab classification defines different coronal curve patterns based on Cobb angle measurement and location of the apex of the coronal deformity (thoracic, thoracolumbar/lumbar, or double). Historically, the coronal Cobb angle has been considered the most important parameter for the diagnosis and management strategy of patients with ASD. Glassman et al. [3] and Schwab et al. [1] , however, suggested in 2 prospective multicenter studies that the magnitude of coronal deformity is less crucial than the restoration of sagittal alignment in assessing pain and disability, although Glassman et al. [3] demonstrated an association between global coronal alignment (GCA) (an offset of the C7 plumbline and the sacral line) of greater than 40 mm in the frontal plane and deterioration in patient outcomes.
From a clinical point of view, interpreting information from several different radiographic parameters in multiple planes can be difficult; an analysis of individual measurements taken independently may help identify the most important parameters to correct.
The objective of this study was to evaluate the effectiveness of surgical treatment in restoring or correcting SVA, PIeLL, PT, coronal Cobb angle, and GCA. 
Materials and Methods

Patient population and data collection
This study was a retrospective analysis of a consecutive series of ASD patients enrolled in a prospective multicenter study (10 sites) evaluating operative patients with X-rays at baseline and 1 year after surgery. Subjects were enrolled according to an institutional review boardeapproved protocol at each site. Inclusion criteria for the database were age greater than 18 years and a radiographic diagnosis of ASD, defined as at least 1 of the following: Cobb angle greater than 20 , SVA greater than 50 mm, PT greater than 25 , and thoracic kyphosis greater than 60 . Exclusion criteria were the presence of inflammatory arthritis, tumors, or neuromuscular disease. Demographic and medical history data were collected. Standing anteroposterior and lateral spine radiographs were analyzed at baseline and 1 year after surgery using validated software [4, 5] (Spineview; Laboratory of Biomechanics Arts et Metiers Par-isTech, Paris, France) to measure thoracic (T) and thoracolumbar (L) coronal Cobb angles, GCA, SVA, PI-LL, and PT ( Fig. 1 ). For the present study, patients without complete sets of X-rays at baseline and 1 year after the surgery were excluded.
Baseline classification
Each patient was individually classified according to the SRSeSchwab classification of ASD [A,B] ( Fig. 2 ), which distinguishes 8 groups based on deformity pattern (Table 1) .
Surgical correction of individual parameters
Each radiographic parameter was analyzed at baseline and 1 year postoperatively to identify whether it met the following deformity thresholds: Cobb angle greater than 30 , GCA greater than 40 mm, SVA greater than 40 mm, PI-LL greater than 10 , and PT greater than 20 . The researchers used the comparison between baseline and 1 year to individually categorize patients into one of the following treatment efficiency groups for each parameter ( Table 2) : ''consistently normal,'' ''radiographic deterioration,'' ''persistent deformity,'' and ''radiographic correction.''
Overall effectiveness
At 1 year, the overall radiographic effectiveness of the realignment procedure was evaluated individually by combining the results from the coronal and sagittal planes to make the following 4 groups: 1) no deformity: patients who did not meet the deformity threshold for any of the 5 parameters; 2) coronal deformity: patients who met only coronal deformity threshold(s) (Cobb angle and/or GCA); 3) sagittal deformity: patients who met only sagittal deformity threshold(s) (SVA, PT, and/or PI-LL); and 4) combined deformity: patients who met at least 1 coronal and 1 sagittal deformity threshold.
Statistical analysis
The authors evaluated differences in demographic data between deformity classification groups at baseline using analysis of variance. A significance threshold was established at p ! .05. At baseline, the distribution of patients with sagittal deformity was expressed for the different combinations of sagittal parameter. At baseline and 1 year, the proportion of patients in the entire sample with a deformity was calculated for each parameter independently. Then, for patients with deformity at baseline, the fraction of patients in the radiographic correction and persistent deformity groups was calculated by comparison with 1-year data for each parameter. Similarly, for patients without deformity at baseline, the fraction of patients in the radiographic deterioration and consistently normal groups was established for each parameter. Finally, the proportion of patients in each postoperative classification group was calculated for the entire population and after stratifying by curve type.
Results
Enrollment
A total of 316 surgical patients were enrolled in this study between 2008 and 2011; 252 had adequate baseline radiographs and 215 patients had adequate baseline radiographs and 1-year follow-up (Table 3 ). Of those 215 patients, 161 had adequate baseline and 1-year radiographs and were the only ones included in this study.
Demographics and curve type
This study included 161 ASD patients (24 males and 137 females) with a mean age of 55 AE 15 years (Table 4 ). Eighty percent of the patients had a coronal Cobb angle greater than 30 ; patients with thoracic curve (13%) were less common than patients with thoracolumbar/lumbar curve (34%) or double curve (33%). Analysis of sagittal spinopelvic parameters revealed that 71% of patients had a sagittal deformity (SVA, PI-LL, or PT meeting deformity thresholds), 54% of whom had both coronal and sagittal deformity (thoracic/sagittal [TS], thoracolumbar/sagittal [LS] , and double sagittal [DS]) and 17% of whom had a pure sagittal deformity (S). A total of 5 patients (3%) were unclassifiable because of the difference between the inclusion criteria for the database (coronal Cobb angle greater than 20 ) and the SRSeSchwab classification threshold for deformity in the coronal plane (Cobb angle greater than 30 ). These patients were removed from the analysis of treatment efficiency.
Patients with pure thoracic coronal curves (T) were significantly younger (31 AE 12 years) than those with other curve types (p ! .05). Within the group of patients with thoracolumbar/lumbar coronal curves (L and LS), patients with sagittal deformities (LS: age, 63 AE 8 years; body mass index [BMI], 28 AE 8) were older and had a greater BMI than patients without sagittal deformity (L: age, 47 AE 13 years; BMI, 23 AE 3) (p ! .05). Patients with only sagittal deformity (S: age, 67 AE 13 years) were older than any of the groups with only coronal deformities (T, L, and D) (p ! .05). A total of 37% of patients had a history of spine surgery. The rate of history of spine surgery varied between 0% and 60%, depending of the type of curve. Patients with sagittal deformity (with or without coronal deformity) were more likely to have had prior surgery than patients without sagittal deformity.
Sagittal deformity: distribution of sagittal parameters combinations
At baseline, the most frequent sagittal deformity (44%) was a combination of the 3 parameters (SVA, PI-LL, and PT) ( Table 5 ). The second most frequent sagittal deformity was defined by only a pelvic retroversion (20%). Three percent of patients with sagittal deformity had only a mismatch between the PI and LL. Figure 3 shows radiographic treatment effectiveness for the different parameters. Table 6 expresses the distribution of patients meeting radiographic deformity thresholds at baseline and 1 year after surgery. Table 7 expresses the percentage of patients who were persistently deformed, out of the population with deformity at baseline; and Table 7 expresses the percentage of patient who had deteriorated radiographically, out of the population without deformity at baseline. Table 3 Number of patients enrolled, with adequate baseline radiographs, with adequate baseline radiographs and 1-year follow-up, and with adequate baseline and 1-year radiographs, by site.
Review of individual radiographic parameters
Number of patients
Total Site 
Coronal Cobb angle
At baseline, coronal Cobb angle greater than 30 was the most common deformity (80% of the total population). The Cobb angle was persistently present in 30% of those patients, and so was corrected in 70%, which made it also the most consistently corrected parameter. Cobb angle was the parameter that deteriorated least frequently: Only 3 patients (9%) had deterioration; all had a preoperative Cobb angle close to 30 , and deterioration was between 3 and 7 . Postoperatively, 26% of patients had a Cobb angle greater than 30 .
Global coronal alignment
At baseline, GCA was the least frequent deformity (25%; 41 patients); 93% of these patients (38) had a thoracolumbar curve (L, LS, double curve, or DS). The GCA was corrected in 54% of those patients. However, GCA was also one of the most likely deteriorated parameters, because 18% of patients with a normal alignment at baseline met the threshold for deformity 1 year after surgery. This led to an overall rate of postoperative coronal malalignment of 25%, the same as the preoperative deformity rate.
Sagittal vertical axis
At baseline, 46% of the patients had an SVA that met the deformity threshold. A total of 54% of these patients were radiographically corrected, whereas 11% of patients with a normal preoperative SVA deteriorated. Postoperatively, a total of 27% of the patients had an SVA meeting the deformity threshold.
Pelvic incidence/lumbar lordosis mismatch
At baseline, 42% of the patients had a PI-LL value that met deformity thresholds. 51% of these subjects were radiographically corrected, whereas 14% of patients with a normal preoperative PI-LL deteriorated. Postoperatively, 29% of patients had PI-LL that met the deformity threshold.
Pelvic tilt
At baseline, 58% of patients had a PT meeting the deformity threshold (ie, substantial pelvic retroversion); this represented the most frequent deformity among the sagittal parameters. Only 24% of these patients were radiographically corrected, and 24% with a normal baseline PT deteriorated postoperatively. Overall, 54% of patients had a PT that met the deformity threshold at 1 year.
Overall results at 1 year Table 8 lists the overall deformity distribution at 1 year. A total of 23% of patients had no deformity in either the coronal or sagittal plane, 35% had a deformity only in the sagittal plane, 14% only in the coronal plane, and 27% in both the coronal and sagittal planes. Patients with baseline deformity in the coronal plane only (T, L, or D) were more SVA, sagittal vertical axis; PI-LL, mismatch between pelvic incidence and lumbar lordosis; PT, pelvic tilt. likely to have complete resolution of the deformity, especially patients with lumbar curves (75%). For patients presenting with coronal and sagittal deformity at baseline, this sagittal deformity was not corrected for 68% (DS) to 86% (S), depending on the type of curve.
Discussion
Adult spinal deformity encompasses a broad range of radiographic patterns, which makes it challenging to dissociate the intrinsic parameters of the deformity from those related to compensatory mechanisms. Recent reports have brought to light the difficulty in restoring spinopelvic alignment after 3-column osteotomies [2, 6] . One common limitation to these studies is that they tend to focus on a single parameter and are often limited to a single plane (coronal or sagittal).
The objective of this study was to evaluate the ability of surgical treatment to radiographically restore spinopelvic alignment while taking into account the type of deformity. With the exception of the coronal Cobb angle, all radiographic parameters were chosen based on their reported clinical relevance (ie, correlation with patient-reported outcomes), as demonstrated in large cohorts of patients representing the full spectrum of ASD [1, 3] . Several studies have shown correlation between clinical scores and coronal or sagittal global alignment (GCA/SVA) [1, 3, 6, 7, 8] . In an exception to these results, Sanchez-Mariscal et al. [9] demonstrated only a low correlation between clinical scores after primary surgery and sagittal malalignment (PT and SVA) in 59 ASD patients. Based on multivariate analysis, the only significant predictor of disability was PT. However, the extent of deformity (ie, whether the patient had sagittal imbalance) and the effect of the surgery were not taken into account. To avoid the former problem, the current study compared radiographic parameters to thresholds of clinical relevance [1, 3, 6] .
However, the current method was limited in that it did not account for the absolute magnitude of surgical correction with regard to the severity of deformity at baseline. As such, a patient with a severe baseline deformity who had significant surgical correction would still be considered undercorrected if he or she did not reach the deformity threshold. The decision to overlook this issue was motivated by 2 reasons. First, the thresholds were defined by databases that included operative and nonoperative patients with and without previous surgery. Therefore, patients with severe baseline deformity and significant restoration were incorporated into the calculation of thresholds. Second, the objective of this study was to analyze the radiographic effectiveness of the surgery, not the clinical effect.
Analysis by parameter
The results illustrate that a large number of patients are insufficiently corrected and that deterioration in alignment is not a negligible phenomenon; notably, for coronal malalignment (GCA), the number of patients who were corrected was similar to that of patients who deteriorated (Fig. 3 ). Whereas the clinical impact of the Cobb angle remains controversial, scoliosis is nevertheless the most common deformity in ASD surgical patients (80% in this database). In this study, it was also the parameter with the highest rate of correction. This may reflect a historical bias to predominantly treating the most obvious aspect of ASD, even though sagittal parameters have been shown to be more influential on clinical scores [8, 10, 11] .
Each sagittal parameter represents a different component of an individual's deformity. Whereas in 44% of the cases the sagittal deformity was a combination of the 3 sagittal parameters, it also appears that great variability of combinations exist between patients. The PI-LL represents a regional disharmony between PI, a morphologic parameter, and LL. The surgeon can directly affect this parameter. The considerable rate of inadequate PI-LL correction (48% in the total sample) may illustrate insufficient consideration of this important relationship. Pelvic tilt was the parameter that most often deteriorated, as well as the one least often corrected. Pelvic tilt represents a pelvic compensatory mechanism. Although the surgeon cannot directly modify this parameter, several models of PT prediction have been developed [12] , and complete correction of structural sagittal deformity should obviate the need for pelvic compensation. Results from this study illustrate the gap between the scientific community and clinical practice. The combination of the 3 sagittal parameters revealed that sagittal deformity was present in 71% of patients preoperatively and 62% postoperatively, again perhaps indicating a lack of focus on sagittal imbalance during surgery.
Analysis by curve type
The diversity of curve types in ASD patients has often been noted, rendering the analysis of ASD patients as a single group inadequate. In contrast to adolescent idiopathic scoliosis [13, 14] , there has been limited consensus regarding the classification of ASD [15] . The researchers' choice was to use the recently described SRSeSchwab classification of ASD because of its simplicity (only 4 radiographic parameters must be evaluated) and clinical relevance. Only 23% of patients experienced complete radiographic correction of the deformity. Highly varying rates of correction were observed between the different SRSeSchwab curve types. These differences may relate to differences in overall complexity between curve types and variability in baseline severity of deformity. Although patients with baseline deformity in the coronal plane only (T, L, or D) had a greater chance of achieving complete correction than patients with sagittal deformity, there was still substantial variability in the likelihood of correction between coronal groups. In particular, double curves appear to be much more difficult to completely correct than single curves. These results may help identify the risks of radiographic malalignment or deterioration that vary between SRSeSchwab curve types.
This study represents a detailed analysis of surgical realignment outcomes across ASD patterns. The large numbers of patients who were insufficiently corrected and who deteriorated highlight the need to continue research to determine which parameters are most important, and to develop surgical procedures that consistently improve radiographic outcomes. Although this study did not identify factors leading to suboptimal radiographic outcome, several aspects of surgical treatment warrant scrutiny. In addition to appropriate surgical planning, it appears essential to develop better intraoperative tools to allow feedback to the surgeon so that operative intervention aligns with planning goals. Longer follow-up analysis is important to assess variations in compensatory parameters (notably PT), as well as alignment of nonfused portions of the spine. Furthermore, correlation between radiographic correction and clinical benefit requires further analysis. Data are shown as patients (% [n]) falling into the following groups: no deformity (no parameters meeting deformity thresholds), coronal deformity (coronal Cobb angle and/or global coronal alignment meeting thresholds), sagittal deformity (sagittal vertical axis, pelvic tilt, and/or pelvic incidence and lumbar lordosis mismatch meeting thresholds), and combined deformity (at least 1 coronal and 1 sagittal parameter meeting thresholds) groups by Scoliosis Research SocietyeSchwab curve type.
